Deficiency of tenascin-C delays articular cartilage repair in mice  by Okamura, N. et al.
Osteoarthritis and Cartilage 18 (2010) 839e848Deﬁciency of tenascin-C delays articular cartilage repair in mice
N. Okamura y, M. Hasegawa y*, Y. Nakoshi y, T. Iino y, A. Sudo y, K. Imanaka-Yoshida z,
T. Yoshida z, A. Uchida y
yDepartments of Orthopedic Surgery, Mie University Graduate School of Medicine, Mie, Japan
zDepartments of Pathology & Matrix Biology, Mie University Graduate School of Medicine, Mie, Japana r t i c l e i n f o
Article history:
Received 2 June 2009





Cartilage degeneration* Address correspondence and reprint requests to:
ments of Orthopedic Surgery, Mie University Gradua
Edobashi, Tsu City, Mie 514-8507, Japan. Tel: 81-59-23
E-mail address: masahase@clin.medic.mie-u.ac.jp
1063-4584/$ e see front matter  2010 Osteoarthriti
doi:10.1016/j.joca.2009.08.013s u m m a r y
Objective: In human articular cartilage, tenascin-C (TN-C) expression decreases during maturation of
chondrocytes, and almost disappears in adults; however, it reappears in damaged cartilage. To examine
the effects of TN-C on cartilage degeneration and repair, we compared articular cartilage degeneration
between wild-type (WT) and tenascin-C knockout mouse (TNKO) mice using a spontaneous osteoar-
thritis (OA) in aged joints and surgical OA model. In addition, we made full-thickness cartilage defects
and compared the cartilage repair process between the two groups.
Methods: The surgical procedure to create degenerative OA model was performed by transecting the
anterior cruciate ligament and medial collateral ligament. Full-thickness defects were created in the
center of the femoral trochlea to evaluate cartilage repair. Sections of cartilage were stained with
hematoxylin and eosin or safranin-O, and immunostaining for TN-C. The degrees of degeneration and
repair were graded.
Results: In the WT surgical OA model, the articular cartilage was almost normal at 2 weeks, but safranin-O
decreased staining at 4 weeks. In TNKO mice, safranin-O decreased staining at 2 weeks, and cartilage was
injured intensely at 4 weeks.
In the cartilage repair model, TN-C was expressed after 1 week, was strongly expressed in the upper layer
of regenerated tissue after 3 weeks, and disappeared after 6 weeks. The defects were restored until 6
weeks in WT mice; however, defects in TNKO mice were ﬁlled with ﬁbrous tissue with no cartilage-like
tissue.
Conclusions: This study revealed that cartilage repair in TNKO mice was signiﬁcantly slower than that in
WT mice and that the deﬁciency of TN-C progressed during cartilage degeneration.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Tenascin-C (TN-C) is a member of the extracellular matrix
glycoprotein family and is expressed during embryogenesis.
Although its expression is repressed in normal adult tissues, it
reappears under pathological conditions such as inﬂammation,
infection, and tumorigenesis1,2,3,4. In lesions, TN-C promotes
migration and proliferation of parenchymal and/or stromal cells5,6.
Chiquet et al. ﬁrst indicated that TN-C may participate in
chondrogenesis and cartilage development7,8. In subsequent
studies, it was found that TN-C was expressed in early mesen-
chymal condensations of cartilage, progressively disappeared withMasahiro Hasegawa, Depart-
te School of Medicine, 2e174
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s Research Society International. Pthe accumulation of mature cartilage, and disappeared almost
completely in adult articular cartilage; however, it was retained in
the perichondrium, which provides a source of cells to differentiate
into chondroblasts9,10. In addition, TN-C reappears at high levels in
diseased joints, including those with osteoarthritis (OA) and
rheumatoid arthritis (RA)11,12.
Two groups have independently produced tenascin-C knockout
mouse (TNKO) mice13,14. These mice were born alive and, originally,
were described as showing no abnormalities. However, recent
studies have shown that TNKOmice have several problems, such as
abnormal behavior, abnormal brain chemistry15,16, defects in the
structure and repair of neuromuscular junctions17, and defective
recovery from snake venom-induced glomerulonephritis18 and
chemically induced dermatitis19. In addition, we demonstrated
reduced neointimal hyperplasia after vascular surgery20, decreased
myoﬁbroblast recruitment in granulation tissue after myocardial
injury21, and reduced ﬁbrotic change in immuno-mediated
hepatitis22.ublished by Elsevier Ltd. All rights reserved.
N. Okamura et al. / Osteoarthritis and Cartilage 18 (2010) 839e848840We compared articular cartilage degeneration between wild-
type (WT) and TNKO mice using a spontaneous OA in aged joints
and surgical OAmodel to examine the effects of TN-C expression on
cartilage degeneration and repair. In addition, we made full-thick-
ness cylindrical defects in the articular cartilage in the center of the
femoral trochlea and compared the cartilage repair process
between the two groups.
Materials and methods
Animals
Male TNKO and WT littermates of the BALB/c strain were used
and maintained according to guidelines approved by the Mie
University Animal Experiment and Care Committee.
Histological and pathological assessment of young and aged mice
Complete necropsies were performed on male 8-week-old
TNKO (n¼ 4) and WT (n¼ 4) mice and on male 24-week-old TNKO
(n¼ 4) and WT (n¼ 4) mice. Mice were sacriﬁced by cervical
dislocation. Examinations at necropsy included macroscopic
observations, determination of body weight and tail length, and
radiographs. At sacriﬁce, we obtained 12 tissue samples per mouse
(brain, knee joint, vertebrae, spinal cord, kidney, liver, heart, lung,
skin, bone, muscle, and growth plate) for histological analysis.
Spontaneous OA in aged joints model
During breeding and experiments, 24 WT and 24 TNKO mice
were housed in sterilized microbarrier units under germ-free
conditions. Mice received autoclaved chow and acidiﬁed water ad
libitum. Thesemicewere sacriﬁced by cervical dislocation at the age
of 2months (n¼ 6WTand 6 TNKOmice), 4 months (n¼ 6WTand 6
TNKOmice), 6 months (n¼ 6WTand 6 TNKOmice), and 12months
(n¼ 6 WT and 6 TNKO mice). In all cases, the distal femoral chon-
dyle was removed.
OA model
The surgical procedure to create an experimental OA model was
performed on 8-week-old mice. 8 weeks is a standard time point
for knee joint surgery in mice because the trochlear groove is of
adequate size at this age23,24. Eight TNKO mice (n¼ 16 knees) and
nine WT mice (n¼ 18 knees) were anesthetized with an intra-
muscular injection of sodium pentobarbital (0.05 mg/g body
weight). Both knee joints were exposed following amedial capsular
incision and gentle lateral displacement of the extensor muscle,
without transection of the patellar ligament. Then, the anterior
cruciate ligament and medial collateral ligament were transected
using a surgical microscope and microsurgical technique. After
replacement of the extensor muscle, the articular capsule and skin
were independently closed with 6e0 nylon sutures. All mice were
allowed to walk freely without any splintage. WT and TNKO mice
were sacriﬁced by cervical dislocation at 1 week (n¼ 6 WT and 4
TNKO mice), 2 weeks (n¼ 6 WT and 6 TNKO mice), or 4 weeks
(n¼ 6 WT and 6 TNKO mice) after surgery.
Surgical procedures for full-thickness articular cartilage defects
Thirty-two TNKO mice (n¼ 64 knees) and 50 WT mice (n¼ 100
knees) were anesthetized with an intramuscular injection of
sodium pentobarbital (0.05 mg/g body weight). Both knee joints
were approached by means of a medial parapatellar incision
(10 mm) under sterile conditions. The patella was laterallydislocated to expose the articular surface on the femoral trochlea.
Full-thickness cylindrical defects were created in the center of the
femoral trochlea with a hand micro-drill equipped with a 0.3-mm-
diameter drill-bit. After creating the defects, the articular capsule
and skin were independently closed with 6e0 nylon sutures. All
mice were allowed to walk freely without any splintage. WT and
TNKO mice were sacriﬁced by cervical dislocation at 1 day (n¼ 2
WT and two TNKO mice), 1 week (n¼ 5 WT and four TNKO mice), 2
weeks (n¼ 6WTand twoTNKOmice), 3 weeks (n¼ 18WTand nine
TNKO mice), 6 weeks (n¼ 12 WT and 10 TNKO mice), or 12 weeks
(n¼ 7 WT and ﬁve TNKO mice) after creation of defects.Immunohistochemistry for assessment
At the indicated time points, the mice were killed, and the distal
femoral chondyle was removed. All tissues were then ﬁxed in 10%
neutral buffered formalin at room temperature for 2 days, decal-
ciﬁed with 10% ethylenediamine tetraacetic acid for 7 days, and
embedded in parafﬁn. A minimum of ﬁve sagittal and transectional
sections (3 mm thick) were prepared from the center of medial
femoral condyle for assessment of OA and a minimum of ﬁve
sagittal sections (3 mm thick) were prepared from the center of each
defect so that the sampling error could be minimized for assess-
ment of cartilage repair. Sections were stained with hematoxylin
and eosin or safranin-O. The production, characterization, and
immunostaining technique of the anti-TN-C polyclonal rabbit
antibody have been described previously25. Brieﬂy, sections were
incubated in methanol containing 0.3% H2O2 for 30 min to block
intrinsic peroxidase activity and then treated with 0.04% proteinase
K (Sigma-Aldrich, St Louis, MO, USA)/0.1 M PBS solution for 10 min
at 37C to retrieve the antigens, followed by an overnight incuba-
tion with the primary antibody (1 mg/ml) at 4C. After washing,
sections were incubated with peroxidase-conjugated anti-rabbit
IgG Fab’ (1:100 dilution; DAKO, Glostrup, Denmark) for 1 h at 37C.
Finally, the immune reaction was developed with dia-
minobenzidine/H2O2 solution. The immunostaining procedure of
type II collagen was performed using a standard technique (His-
toﬁne mouse stain kit; Nichirei Co., Tokyo, Japan) to block intrinsic
mouse immunoglobulin activity. The sections were incubated in
methanol containing 0.3% H2O2 for 30 min to block intrinsic
peroxidase activity and then treated with 0.04% proteinase K
(Sigma-Aldrich)/0.1 M PBS solution for 10 min at 37C. After
washing, sections were treated with Histoﬁne blocking reagent A
for 60 min at 37C, followed by an overnight incubation with the
primary antibody (1 mg/ml) at 37C. After washing, sections were
treated with Histoﬁne blocking reagent B for 10 min at 37C. After
washing, the sections were incubated with Histoﬁne simple stain
mouse MAX-PO (Nichirei Co., Tokyo, Japan) for 60 min at 37C.
Finally, color was developed with diaminobenzidine/H2O2 solution.Histological grading score for assessment of OA
Sections were evaluated blindly by three independent investi-
gators using the histological grading score of Mankin26, modiﬁed as
described previously27. The total score ranges from 0 to 14 and
includes scores from four categories: cartilage anatomy, cellular
abnormality, matrix staining, and tidemark integrity. Cartilage
anatomy was graded from 0 (normal tissue) to 6 (cartilaginous
tissue with complete loss of cellular organization, clusters of cells,
and osteoclastic activity). Cellular abnormality was graded from
0 (normal tissue) to 3 (hypercellularity). Matrix staining (with
safranin-O) was graded from 0 (normal tissue or slightly decreased
staining) to 4 (unstained). Tidemark integrity was graded from
0 (intact) to 1 (destruction). Based on the sum of the scores, each
Fig. 1. Histological appearance of cartilage tissue in TNKO mice at 24 weeks (original
magniﬁcation 100). Cartilage tissue in TNKO mice was not histologically different
from that in WT mice. A: hematoxylin and eosin stain; B: safranin-O stain; C: type II
collagen immunostaining.
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mild, 3e6; moderate, 7e10; or severe, 11e14.
Histological grading score for assessment of cartilage repair
Sections were evaluated blindly by three independent investi-
gators using the modiﬁed WAKITANI score28. In the modiﬁed
WAKITANI score, safranin-O staining is used instead of toluidine
blue. The WAKITANI score ranges from 0 to 14 and includes scores
from ﬁve categories29: cell morphology, matrix staining, surface
regularity, cartilage thickness, and integration of donor cartilage.
Cell morphology was graded from 0 (for tissue that was normal,
compared with the adjacent, uninjured cartilage) to 4 points
(absence of cartilaginous tissue). Matrix staining, or the degree of
metachromatic staining with safranin-O, was graded from 0 (for
tissue that was normal, compared with the adjacent, uninjured
cartilage) to 3 points (no metachromatic staining). Surface regu-
larity, or the proportion of the surface of the defects that appears
smooth compared with the entire surface, was graded from
0 (when more than three quarters of the surface was smooth) to 3
points (when less than one quarter was smooth). Cartilage thick-
ness, that is, the average thickness of the cartilage in the defects
compared with that of the surrounding cartilage, was graded from
0 (when the average thickness of the cartilage in the defects was
more than two thirds that of the surrounding cartilage) to 2 points
(when the average thickness was less than one third that of the
surrounding cartilage). Integration of donor cartilage with the host
adjacent cartilage was graded from 0 (no gap between donor and
host cartilage) to 2 points (a complete lack of integration, referred
to as dissociation).
Statistical analysis
The nonparametric ManneWhitney U-test (Statview 5.0, Cary,
NC) was used to compare histological grading scores of TNKO and
WT mice at each period. A P-value <0.05 was considered
signiﬁcant.
Results
Gross and histological assessment of TNKO mice
Analysis of gross appearance and radiographs revealed no
signiﬁcant differences betweenWTand TNKOmice at either 8 or 24
weeks of age. Bodyweight at 8 and 24weeks did not differ between
WT and TNKO mice (26.7 3.4 g vs 26.2 2.7 g, respectively, at 8
weeks; P¼ 0.773, and 33.4 2.3 g vs 33.8 1.5 g, respectively, at 24
weeks; P¼ 0.564). The tail length at 8 and 24 weeks did not differ
between groups (9.6 0.5 cm vs 9.7 0.6 cm, respectively, at 8
weeks; P¼ 0.884, and 10.6 0.2 cm vs 10.4 0.5 cm, respectively,
at 24 weeks; P¼ 0.885) in WT and TNKO mice. In addition, all
tissues examined were histologically normal (Fig. 1), and histo-
logical analysis of a variety of tissues revealed no differences
between WT and TNKO mice. All sections of knee in both WT and
TNKO mice scored 0 points in terms of histological grading using
the modiﬁed WAKITANI and Mankin score.
Aging-dependent development of OA
In WT and TNKO mice, the articular cartilage of all mice was
almost normal at 2, 4, and 6 months [Fig. 2(a) AeI, MeR]. However,
at the age of 12 months, TNKO mice showed strong degeneration
that sometimes included large cartilage defects and ﬁbrillation
[Fig. 2(a) S, T]. In contrast, WT mice showed slight degeneration,
irregular cartilage surface, and slightly decreased safranin-Ostaining [Fig. 2(a) J, K]. TN-C immunostaining was found in the thin
layer at the surface of cartilage [Fig. 2(a), L] only at the age of 12
months.Progression of OA in WT and TNKO surgical OA model mice
In WT and TNKO mice, articular cartilage was almost normal,
although some cartilage showed irregular surface areas and cell
clusters at 1 week [Fig. 3(A, B, H, I)]. There were no differences
between 1 week and 2 weeks in WT mice [Fig. 3(C, D)], but
safranin-O decreased staining in TNKOmice at 2 weeks [Fig. 3(J, K)].
At 4 weeks, safranin-O decreased staining inWTmice [Fig. 3(EeG)],
Fig. 2 (a). Histological appearance of cartilage tissues in WT mice at the age of 2 months (AeC), 4 months (DeF), 6 months (GeI), and 12 months (JeL), and in TNKO mice at the age
of 2 months (M, N), 4 months (O, P), 6 months (Q, R), and 12 months (S, T) (A, D, G, J, M, O, Q, S: hematoxylin and eosin stain; B, E, H, K, N, P, R, T: safranin-O stain; C, F, I, L: TN-C
immunostaining). Original magniﬁcation 100 for all stains.The cartilage of all mice was almost completely degenerated until the age of 4 months, and both groups showed
degenerated cartilage at the age of 6 months. However, the degeneration of cartilage in TNKO mice was more conspicuous than that in WT mice at the age of 12 months. (b)
Histological appearance of cartilage tissues of the medial chondyle in WT mice at the age of 2 months (A), 4 months (B), 6 months (C), and 12 months (D), and in TNKO mice at the
age of 2 months (E), 4 months (F), 6 months (G), and 12 months (H) (AeH; safranin-O stain). Original magniﬁcation 40.
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Fig. 3. Histological appearance of cartilage tissues in WT mice at 1 week (A, B), 2 weeks (C, D), and 4 weeks (EeG) after surgery, and in TNKO mice at 1 week (H, I), 2 weeks (J, K),
and 4 weeks (LeN) after surgery (A, C, E, H, J, L: hematoxylin and eosin stain; B, D, F, G, I, K, M, N: safranin-O stain). AeF, HeM: hematoxylin and eosin and safranin-O stain; original
magniﬁcation 100; G, N: original magniﬁcation 40. The cartilage of all mice was slightly degenerated 1 week after surgery. The degeneration in TNKO mice was more
conspicuous than that in WT mice at 2 and 4 weeks after surgery.
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progressed in TNKO mice [Fig. 3(LeN)].
Cartilage repair process in WT and TNKO mice
In WT mice, the deeper halves of the defects were ﬁlled with
blood clots without TN-C expression after 1 day [Fig. 4(B)]. After 1
week, cartilage regeneration started [Fig. 5(A, B)]. TN-C immunos-
taining was observed at the base of the defects and the trabecular
surfaces [Fig. 4(C)]. After 2 weeks, the defects were completely
ﬁlled with ﬁbrous tissue. Safranin-O staining was found in a limitedpart of the regenerated tissue [Fig. 5(C, D)]. In addition, TN-C
expression was seen at the edge of the defects, and was positive in
immature chondrocytes but not in mature chondrocytes stained by
safranin-O [Fig. 4(D) and Fig. 5(D)]. 3 weeks later, the defects were
ﬁlled with regenerated cartilage-like tissue resembling hyaline
cartilage. The cells seemed to be well-differentiated chondrocytes
and were surrounded by metachromatic matrix. However, the
margins of the regenerated cartilage-like tissue were not
completely integrated with adjacent host cartilage, and the
repaired cartilage-like tissue was thicker than normal cartilage
[Fig. 5(E, F)]. TN-C expressionwas observed in the upper layer of the
Fig. 4. TN-C immunostaining of cartilage tissues in WT mice at pre-surgery (A), 1 day (B), 1 week (C), 2 weeks (D), 3 weeks (E), 6 weeks (F), and 12 weeks (G) and in TNKO mice at 3
weeks (H) (original magniﬁcation 100). In WT mice, TN-C expression was found from 1 week after surgery to 3 weeks after surgery, and disappeared after 6 weeks. However, TN-C
reappeared after 12 weeks. In TNKO mice, TN-C expression was not found.
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[Fig. 4(E)]. After 6 weeks, the thickness of the regenerated cartilage
tissuewas reduced to the same size as the adjacent normal cartilage
[Fig. 5(G, H)] and TN-C expression disappeared [Fig. 4(F)]. After 12
weeks, the appearance of the cartilage was comparable with that of
hyaline cartilage, although the regenerated cartilage-like tissuewas
eroded and metachromatic staining was abnormally faint or absent
in some areas [Fig. 5(I, J)]. TN-C reappeared in the thin layer at the
surface of the regenerated cartilage [Fig. 4(G)]
The cartilage repair process in TNKO mice was different from
that inWTmice. After 1 day and 1 week, no difference was found in
cartilage repair between WT and TNKO mice [Fig. 5(K, L)]. After 3and 6 weeks, the defects were completely organized by ﬁbrous
tissue; however, safranin-O staining and regenerated tissue that
resembled hyaline cartilage were not observed. The surface was
also irregular [Fig. 5(OeR)]. After 12 weeks, the defects were not
ﬁlled with the regenerated cartilage-like tissue [Fig. 5(S, T)].
Comparison of histological grading scores in WT and TNKO mice
Figure 6 shows the histological grading scores between groups.
In the spontaneous OA in aged joints model, signiﬁcant differences
were only seen at the age of 12 months. At the age of 2 months, the
score was 0.333 0.52 points in both WT and TNKO mice
Fig. 5. Histological appearance of articular cartilage tissues in WT mice at 1 week (A, B), 2 weeks (C, D), 3 weeks (E, F), 6 weeks (G, H), and 12 weeks (I, J) after surgery, and in TNKO
mice at 1 week (K, L), 2 weeks (M, N), 3 weeks (O, P), 6 weeks (Q, R), and 12 weeks (S, T) after surgery (A, C, E, G, I, K, M, O, Q, S: hematoxylin and eosin stain; B, D, F, H, J, L, N, P, R, T:
safranin-O stain). Original magniﬁcation 100 for all stains. Hematoxylin and eosin or safranin-O stain in TNKO mice was not different from that in WT mice. In WT mice, the
defects were restored by cartilage-like tissue until 6 weeks after surgery. In TNKO mice, the defects were ﬁlled with ﬁbrous tissues without cartilage-like tissue. The deﬁciency of
TN-C appeared to delay articular cartilage repair in mice.
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points in WT mice and 0.500 0.55 points in TNKO mice
(P¼ 0.784). At the age of 6 months, the score was 4.1671.33
points in WT mice and 5.333 2.07 points in TNKO mice
(P¼ 0.276). At the age of 12 months, the score was 5.8331.17
points in WT mice and 9.833 2.56 points in TNKO mice
(P¼ 0.007) [Fig. 6(A)].
In the surgical OA model, 1 week after surgery, the score was
1.750 0.44 points in WT mice and 2.250 0.50 points in TNKO
mice (P¼ 0.312). 2 weeks later, the score was 2.5001.23 points in
WTmice and 4.5001.52 points in TNKOmice (P¼ 0.037). 4 weeks
later, the score was 2.7501.04 points in WTmice and 6.1171.94
points in TNKO mice (P¼ 0.038) [Fig. 6(B)].
In the full-thickness cartilage defects model, 1 day after surgery,
the score was 14 points in both WT and TNKO mice. 1 week later,the score was 12.501.55 points in WT mice and 12.791.02
points in TNKO mice (P¼ 0.838). Two weeks after, the score was
9.47 2.01 points inWTmice and 10.731.14 points in TNKOmice
(P¼ 0.042). Three weeks after surgery, the score was 6.70 3.42
points in WT mice and 10.87 2.39 points in TNKO mice
(P< 0.001). Six weeks after surgery, the scorewas 7.713.72 points
inWTmice and 9.273.01 points in TNKOmice (P¼ 0.018). Twelve
weeks after surgery, the score was 7.861.77 points in WT mice
and 10.27 2.20 points in TNKO mice (P< 0.001) [Fig. 6(C)].
Discussion
TN-C is known to regulate multiple cellular functions during
tissue remodeling. Despite this function, previous studies have
shown that initial examination of TNKO mice revealed no
AB
C
Fig. 6. Histological grading scores for cartilage degeneration and repair of WT mice
and TNKO mice are expressed as the mean of the sum of the scores from each histo-
logical section through the joints (A: Mankin score26 in aging model, B: Mankin score26
in OA model, C: modiﬁed Wakitani score28 for cartilage repair). Error bars indicate
standard deviation. *P< 0.05.
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tissues with the highest expression of TN-C13,14. In this study,
extensive histological evaluation of samples from 12 different
tissues, including articular cartilage obtained from our originally
produced TNKO mice, revealed no indication of developmental or
growth deﬁciencies in TNKO mice.
Other studies have examined the cartilage of TNKO mice30,31.
Immunohistological studies have conﬁrmed that in healthy
articular cartilage, TN-C staining is barely observed in the
superﬁcial and upper-middle zones and is primarily seen in the
territorial matrix of the articular chondrocytes11. In moderate and
severe OA, lesions revealed increased territorial and interterrito-
rial immunostaining, mainly in cartilage areas showing a great
reduction of safranin-O staining9,11,32. In addition, we previously
demonstrated a correlation between levels of TN-C in joint ﬂuids
and OA severity as shown on radiographs33. Thus, results of
previous studies suggest that TN-C plays an important role in thedegeneration of articular cartilage. However, it is still unclear if
TN-C has a preventive or healing function in damaged articular
cartilage.
Our results show that expression of TN-C is observed during the
cartilage repair process. Although TN-C was not expressed after 1
day, its expression started 1 week after damage and was increased
in 2 weeks. TN-C was strongly expressed in the upper layer of
regenerated cartilage-like tissue after 3 weeks, and almost dis-
appeared in regenerated mature cartilage 6 weeks later. Mackie et.
al. reported that in full-thickness skin wounds, TN-C staining
became intense after 1 day, was the most intense after 5e7 days,
and disappeared after 10e14 days34. The period of TN-C expression
in regenerated cartilage in our study was longer than that shown in
skin wound healing. Because articular cartilage has a limited
capacity for regeneration, the repair process in articular cartilage
may be slower than that in the skin.
Athough the cartilage defects were almost completely
restored at 6 weeks in WT mice, in TNKO mice, the defects were
ﬁlled with ﬁbrous tissues without cartilage-like tissue at 3
weeks, and immature cartilage tissue remained at 6 weeks. We
clariﬁed that TN-C was expressed at the early phase of the
cartilage repair process and disappeared at the end phase in full-
thickness articular cartilage defects. In addition, cartilage repair
in WT mice was completed earlier than that in TNKO mice. These
results suggest that TN-C is the protein that promotes cartilage
repair.
Our results also showed that in the spontaneous OA in aged
joints model, articular cartilage of TNKO mice degenerated at the
age of 6e12 months and that this process occurred earlier than that
in WT mice. In the surgical OA model, articular cartilage of TNKO
mice degenerated 2 weeks after surgery, and this process occurred
earlier than that in WT mice. These results suggest that TN-C is the
protein that inhibits cartilage degeneration.
OA is characterized by degeneration of cartilage. It is generally
accepted that proinﬂammatory cytokines, including interleukin-1b
(IL-1b) and tumor necrosis factor a (TNF-a), cause loss of cartilage
matrix. Previous studies have shown that TN-C expression is
upregulated by various growth factors and cytokines such as
Transforming growth factor (TGF)b135, basic ﬁbroblast growth
factor36, hepatocyte growth factor37, TNF-a23, and interleukins38. In
particular, IL-1b and TNF-a upregulate TN-C expression in chon-
drocytes of OA cartilage12,39. Our previous study demonstrated that
TNF-a stimulated TN-C expression through nuclear factor-kappa B
(NF-kB) signaling with RelA activation in cultured chondrocytes of
OA32. Previous studies have suggested that the signaling involved in
RelA activation affects cell proliferation40e42. TN-C is also known to
promote proliferation in various cells21,31. These ﬁndings suggest
that deposited TN-C can promote chondrocyte proliferation
through NF-kB signaling in OA cartilage.
TN-C has previously been shown to be associated with the
mesenchymal cell condensation that precedes either chondro-
genesis or intramembranous osteogenesis, and to stimulate chon-
drogenic cell differentiation in chick limb mesenchymal
cultures10,30. TN-C seems to promote the differentiation of chon-
drocytes from mesenchymal cells.
In conclusion, the present study revealed that TN-C expressed at
the early phase of cartilage repair completely disappeared in
regenerated mature cartilage, and reappeared in the thin layer at
the surface of regenerated cartilage with degeneration. Moreover,
the present study revealed that the deﬁciency of TN-C progresses
during cartilage degeneration in the spontaneous OA in aged joints
and surgical OA model. We showed that cartilage repair in full-
thickness cartilage defects in TNKO mice was delayed compared
with WT mice. These results strongly suggest that TN-C promotes
chondrogenesis and cartilage repair in damaged and degenerated
N. Okamura et al. / Osteoarthritis and Cartilage 18 (2010) 839e848 847cartilage. In terms of the reason that TN-C is expressed strongly in
knee OA in human9,11,31,32, we consider that TN-C is expressed at
high levels in conjunctionwith cartilage remodeling such as occurs
with degeneration and repair. Further studies are needed to eval-
uate the effect of TN-C in cartilage.
Conﬂict of interest
No beneﬁts or funds were received in support of this study.
Acknowledgment
We are grateful to Ms K. Chiba for technical assistance.
References
1. Chiquet-Ehrismann R, Mackie EJ, Pearson CA, Sakakura T.
Tenascin: an extracellular matrix protein involved in tissue
interactions during fetal development and oncogenesis. Cell
1986;47:131.
2. Erickson HP. Tenascin-C, tenascin-R and tenascin-X: a family
of talented proteins in search of functions. Curr Opn Cell Biol
1993;5:869e76.
3. Chiquet-Ehrismann R. Tenascins: a growing family of extra-
cellular matrix proteins. Experientia 1995;51:853e62.
4. Bélanger I, Beaulieu JF. Tenascin in the developing and adult
human intestine. Histol Histopathol 2000;15:577e85.
5. Yoshida T, Yoshimura E, Numata H, Sakakura Y, Sakakura T.
Involvement of tenascin-C in proliferation and migration of
laryngeal carcinoma cells. Virchows Arch 1999;435:496e500.
6. Yoshimura E, Majima A, Sakakura Y, Sakakura T, Yoshida T.
Expression of tenascin-C and the integrin alpha 9 subunit in
regeneration of rat nasal mucosa after chemical injury:
involvement in migration and proliferation of epithelial cells.
Histochem Cell Biol 1999;111:259e64.
7. Chiquet M, Fambrough DM. Chick myotendinous antigen. I.
A monoclonal antibody as a marker for tendon and muscle
morphogenesis. J Cell Biol 1984;98:1926e36.
8. Chiquet M, Fambrough DM. Chick myotendinous antigen. II.
A novel extracellular glycoprotein complex consisting of large
disulﬁde-linked subunits. J Cell Biol 1984;98:1937e46.
9. Chevalier X, Groult N, Larget-Piet B, Zardi L, Hornebeck W.
Tenascin distribution in articular cartilage from normal
subjects and from patients with osteoarthritis and rheumatoid
arthritis. Arthritis Rheum 1994;37:1013e27.
10. Mackie EJ, Thesleff I, Chiquet-Ehrismann R. Tenascin is asso-
ciated with chondrogenic and osteogenic differentiation in
vivo and promotes chondrogenesis in vitro. J Cell Biol
1987;105:2569e79.
11. Salter DM. Tenascen is increased en cartilage and synovium
from arthritic knees. Br J Rheumatol 1993;32:780e6.
12. Pfander D, Heinz N, Rothe P, Carl H, Swoboda B. Tenascin and
aggrecan expression by articular chondrocytes is inﬂuenced by
interleukin 1b. Ann Rheum Dis 2004;63:240e4.
13. Saga Y, Yagi T, Ikawa Y, Sakakura T, Aizawa S. Mice develop
normally without tenascin. Genes Dev 1992;6:1821e31.
14. Forsberg E, Hirsch E, Fröhlich L, Meyer M, Ekblom P, Aszodi A,
et al. Skin wounds and severed nerves heal normally in mice
lacking tenascin-C. Proc Nat Acad Sci 1996;93:6594e9.
15. Fukamauchi F, Mataga N, Wang YJ, Sato S, Yoshiki A,
Kusakabe M. Abnormal behavior and neurotransmissions of
tenascin gene knockout mouse. Biochem Biophys Res Com-
mun 1996;221:151e6.
16. Fukamauchi F, Kusakabe M. Preprotachykinin A and chole-
cystokinin mRNAs in tenascin-gene knockout mouse brain.
Neuropeptides 1997;31:199e201.17. Cifuentes-Diaz C, Velasco E, Meunier FA, Goudou D, Belkadi L,
Faille L, et al. The peripheral nerve and the neuromuscular
junction are affected in the tenascin-C-deﬁcient mouse. Cell
Mol Biol 1998;44:357e79.
18. Nakao N, Hiraiwa N, Yoshiki A, Ike F Kusakabe M. Tenascin-C
promotes healing of habu-snake venom-induced glomerulo-
nephritis: studies in knockout congenic mice and in culture.
Am J Pathol 1998;152:1237e45.
19. Koyama Y, Kusubata M, Yoshiki A, Hiraiwa N, Ohashi T, Irie S,
et al. Effect of tenascin-C deﬁciency on chemically induced
dermatitis in the mouse. J Invest Dermatol 1998;111:930e5.
20. Yamamoto K, Onoda K, Sawada Y, Fujinaga K, Imanaka-
Yoshida K, et al. Tenascin-C is an essential factor for neointimal
hyperplasia after aortotomy in mice. Cardiovasc Res
2005;65:737e42.
21. Tamaoki M, Imanaka-Yoshida K, Yokoyama K, Nishioka T,
Inada H, Horoe M, et al. Tenascin-C regulates recruitment of
myoﬁbroblasts during tissue repair after myocardial injury.
Am J Pathol 2005;167:71e80.
22. El-Karef A, Yoshida T, Gabazza EC, Nishioka T, Inada H,
Sakakura T, et al. Deﬁciency of tenascin-C attenuates liver
ﬁbrosis in immune-mediated chronic hepatitis in mice. J
Pathol 2007;211:86e94.
23. Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL,
et al. Deletion of active ADAMTS5 prevents cartilage degrada-
tion in a murine model of osteoarthritis. Nature 2005;434:644.
24. Little CB, Meeker CT, Golub SB, Lawlor KE, Farmer PJ,
Smith SM, et al. Blocking aggrecanase cleavage in the aggrecan
interglobular domain abrogates cartilage erosion and
promotes cartilage repair. J Clin Invest 2007;117:1627e36.
25. Hasegawa K, Yoshida T, Matsumoto K, Katsuta K, Waga S,
Sakakura T. Differential expression of tenascin-C and tenascin-
X in human astrocytomas. Acta Neuropathol 1997;93:431e7.
26. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and
metabolic abnormalities in articular cartilage from osteoarthritic
human hips. II. Correlation of morphology with biochemical and
metabolic data. J Bone Jt Surg Am 1971;53:523e37.
27. Sakakibara Y, Miura T, Iwata H, Kikuchi T, Yamaguchi T,
Yoshimi T, et al. Effect of high-molecular-weight sodium
hyaluronate on immobilized rabbit knee. Clin Orthop
1994;299:282e92.
28. Bail H, Klein P, Kolbeck S, Krummrey G, Weiler A, et al.
Systemic application of growth hormone enhances the early
healing phase of osteochondral defectsea preliminary study in
micropigs. Bone 2003;32:457e67.
29. Wakitani S, Goto T, Pineda SJ, Young RG, Mansour JM,
Caplan AI, et al. Mesenchymal cell-based repair of large, full-
thickness defects of articular cartilage. J Bone Joint Surg
1994;76:579e92.
30. Chuong CM, Widelitz RB, Jiang TX, Abbott UK, Lee YS,
Chen HM. Roles of adhesion molecules NCAM and tenascin in
limb skeletogenesis: analysis with antibody perturbation,
exogenous gene expression, talpid mutants and activin stim-
ulation. Prog Clin Biol Res 1993;383:465e74.
31. Paciﬁci M, Iwamoto M, Golden EB, Leatherman JL, Lee YS,
Chuong CM. Tenascin is associated with articular cartilage
development. Dev Dyn 1993;198:123e34.
32. Nakoshi Y, Hasegawa M, Sudo A, Yoshida T, Uchida A. Regu-
lation of tenascin-C expression by tumor necrosis factor-alpha
in cultured human osteoarthritis chondrocytes. J Rheumatol
2008;35:147e52.
33. Hasegawa M, Hirata H, Sudo A, Kato K, Kawase D, Kinoshita N,
et al. Tenascin-C concentration in synovial ﬂuid correlates with
radiographic progression of knee osteoarthritis. J Rheumatol
2004;31:2021e6.
N. Okamura et al. / Osteoarthritis and Cartilage 18 (2010) 839e84884834. Mackie EJ, Halfter W, Liverani D. Induction of tenascin in
healing wounds. J Cell Biol 1998;107:2757e67.
35. Pearson CA, Pearson D, Shibahara S, Hofsteenge J, Chiquet-
Ehrismann R. Tenascin: cDNA cloning and induction by TGF-
beta. EMBO J 1998;7:2977e82.
36. Tucker RP, Hammarback JA, Jenrath DA, Mackie EJ, Xu Y.
Tenascin expression in the mouse: in situ localization and
induction in vitro by bFGF. J Cell Sci 1993;104:69e76.
37. Sakai T, Ohta M, Furukawa Y, Saga Y, Aizawa S, Kawakatsu H,
et al. Tenascin-C induction by the diffusible factor epidermal
growth factor in stromal-epithelial interactions. J Cell Physiol
1995;165:18e29.
38. Rettig WJ, Erickson HP, Albino AP, Garin-Chesa P. Induction of
human tenascin (neuronectin) by growth factors andcytokines: cell type-speciﬁc signals and signalling pathways. J
Cell Sci 1994;107:487e97.
39. Chevalier X, Claudepierre P, Groult N, Godeau GJ. Inﬂuence of
interleukin 1 beta on tenascin distribution in human normal
and osteoarthritic cartilage. Ann Rheum Dis 1996;55:772e5.
40. Beg A, Sha WC, Bronson RT, Ghosh S, Baltimore D. Embryonic
lethality and liver degeneration in mice lacking the RelA
component of NF-kB. Nature 1995;376:167e70.
41. Bargou RC, Emmerich F, Krappmann D, Bommert K,
Mapara MY, Arnold W, et al. Constitutive nuclear factor-kB-
RelA activation is required for proliferation and survival of
hodgkin’s disease tumor cells. J Clin Invest 1997;100:2961e9.
42. Beg A, Baltimore D. An essential role for NF-kappaB in preventing
TNF-alpha-induced cell death. Science 1996;274:782e4.
